Gustation is one of the important chemical senses that guides the organism to identify nutrition while avoiding toxic chemicals. An increasing number of metabolic hormones and/or hormone receptors have been identified in the taste buds of the tongue and are involved in modulating taste perception. The gustatory system constitutes an additional endocrine regulatory locus that affects food intake, and in turn whole-body energy homeostasis. Here we provide an overview of the main metabolic hormones known to be present in the taste buds of the tongue; discuss their potential functional roles in taste perception and energy homeostasis and how their functional integrity is altered in the metabolic imbalance status (obesity and diabetes) and aging process. Better understanding of the functional roles of metabolic hormones in flavor perception as well as the link between taste perception and peripheral metabolism may be vital for developing strategies to promote healthier eating and prevent obesity or lifestyle-related disorders.
can be classified into four types. Type I cells, the most abundant cells present in taste buds, are recognized as glial-like cells that maintain taste bud structure and terminate synaptic transmission. Type II cells, also known as receptor cells, express many tasterelated G protein-coupled receptors (GPCRs) which are responsible for sweet, bitter and umami taste detection. Type III cells, considered presynaptic cells, express synaptic proteins and can generate depolarization-dependent Ca 2+ transients. Type IV cells are non-polarized, undifferentiated basal cells. Taste bud cells have an average lifespan of approximately 10 days and are constantly generated from these basal cells [1] .
Gustatory Regulation by Metabolic Hormones
The gustatory system is the first biochemical gateway that identifies and controls food intake and thereby helps maintain somatic energy homeostasis. There is increasing evidence that demonstrates the presence of several metabolic hormones and their cognate receptors in subsets of taste cells and that these receptor/ligand systems are involved in modulating taste responsiveness. These findings therefore suggest a strong link between taste perception and somatic metabolic control. Here we provide an overview of the main metabolic hormones and receptor systems present within the gustatory system and summarize their potential functions in regulating taste modalities ( fig. 1 , 2 ) .
Glucagon-Like Peptide 1/Glucagon
Stimulated by nutrient ingestion, glucagon-like peptide 1 (GLP-1) is mainly secreted by enteroendocrine L cells located in the distal ileum and colon. Besides its main function of regulating blood glucose by amplifying postprandial insulin synthesis and secretion, GLP-1 exerts multiple effects throughout the body including regulation of pancreatic β-cell survival and function, regulation of food intake and satiety, promotion of neuronal cell survival, regulation of gastric emptying and bowel motility as well as cardioprotection [2] . It is reported that in enteroendocrine L cells of the gut, α-gustducin and the sweet taste receptor subunit T1R3 mediate the glucose-dependent secretion of GLP-1 [3] . Similarly, functional GLP-1 is also expressed in two distinct subsets of taste cells: a subset of type II cells that co-express T1R3 and a subset of type III cells. The cognate GLP-1 receptor is expressed on adjacent intragemmal afferent nerve fibers [4, 5] . GLP-1 receptor knockout mice demonstrate dramatically reduced taste responses to both nutritive (sucrose) and non-nutritive (sucralose) sweeteners, indicating that GLP-1 signaling acts to maintain or enhance sweet taste sensitivity [4] . In addition, GLP-1 receptor null mice also exhibit enhanced sensitivity to umami-tasting stimuli [6] . Taste stimuli also elicit unique patterns of neuropeptide secretion from taste buds that are correlated with those perceptive qualities. Sweet and umami stimuli were reported recently to elicit GLP-1 secretion from circumvallate papillae [7] . However this effect is abolished in T1R3 -/-mice, indicating an obligatory role for the T1R3 subunit common to the sweet and umami taste receptors. The presence, as well as secretion, of GLP-1 from taste cells highlights an interesting parallel between gustatory and intestinal epithelia. GLP-1 is produced from proglucagon though enzymatic cleavage by prohormone convertase (PC)1/3, while glucagon is derived from proglucagon via the alternate processing enzyme PC2 [8] . Similar to GLP-1 expression, glucagon and PC2 are also found in mouse taste cells [4] . Further work has confirmed that glucagon and its receptor are co-expressed in a subset of mouse taste receptor cells which also express the T1R3 [9] . Both genetic and pharmacological disruption of glucagon signaling in mice resulted in reduced sweet taste responsiveness without affecting salty, sour or bitter taste responsiveness, indicating a role also for local glucagon signaling in the peripheral modulation of sweet taste responsiveness [9] . 
Vasoactive Intestinal Peptide
Vasoactive intestinal peptide (VIP), the 28-amino-acid peptide first isolated from pig small intestine, has a diverse range of effects including increasing vasodilatation, reducing arterial blood pressure, smoothing muscle relaxation and stimulating electrolyte secretion in the gut [10] . Due to the sequence similarity with peptides such as secretin and glucagon, VIP and pituitary adenylate cyclase-activating polypeptide (PACAP) have been classified as members of the 'secretin family' of peptides. VIP/ PACAP preferentially stimulates adenylate cyclase in recipient cells and increases intracellular cAMP through three common GPCRs (VPAC1, VPAC2 and PAC1R) [11] . VIP demonstrates a widespread cellular distribution and has also been identified in taste cells in rat, hamster, carp and human tongue [12] . Shen et al. [13] delineated the location and potential functional role of VIP in taste buds by demonstrating the co-expression of VIP with α-gustducin (which is involved in bitter and sweet transduction cascades) and T1R2 (sweet taste receptor subunit). Our recent study also deepens the understanding of the VIP's role in taste perception and regulation of energy homeostasis. VIP receptors (VPAC1/2) were found primarily expressed in phospholipase C-β 2 -positive cells (type II taste cells), and VIP knockout mice showed altered taste perception of sweet, bitter and sour stimuli. Interestingly, we also found reduced leptin receptor and increased GLP-1 expression in VIP knockout mice taste cells, indicating the potential functional interactions between VIP, GLP-1 and the leptin receptor [14] .
Cholecystokinin Cholecystokinin (CCK) is a gastrointestinal peptide secreted by endocrine cells in the proximal portion of the small intestine upon ingestion of a meal. CCK is expressed in endocrine cells of the duodenum as well as in peripheral and central neurons. CCK can exert many actions such as slowing gastric emptying and motility, and stimulating pancreatic and gallbladder secretions [15] . CCK mediates these actions through the stimulation of its cognate GPCRs, the CCK-A and the CCK-B receptors. The CCK-A receptor is primarily distributed in gastrointestinal tract while the CCK-B receptor is mainly located in the central nervous system [16] . Herness et al.
[17] first observed CCK (both mRNA and protein) expression in a subset of taste receptor cells. These cells were able to respond, via CCK-A receptor activation, to the exogenous application of CCK with altered cellular potassium currents or elevated intracellular calcium levels [17] . CCK-responsive cells were also demonstrated to be sensitive to either bitter stimuli or to cholinergic stimulation [18] . Subsequent research has demonstrated that more than half (56%) of the CCK-expressing taste receptor cells coexpressed α-gustducin whereas far fewer (15%) co-expressed T1R2 mRNA, suggesting that CCK may be involved in bitter taste-signaling transduction [13] . It is thought that CCK operates in an autocrine manner in the taste buds since CCK and CCK receptors are mostly expressed in the same subsets of taste cells [19] .
Ghrelin
The gastrointestinal peptide hormone ghrelin was discovered in 1999 as the endogenous ligand for the growth hormone secretagogue receptor (GHSR) [20] . Ghrelin is considered a key pleiotropic hormone regulating systemic energy metabolism via its ability to stimulate food intake, decrease energy expenditure and fat utilization, stimulate gut motility and gastric acid secretion as well as regulate glucose metabolism and modulate taste sensation [21] . Interestingly, prepro-ghrelin, PC1/3, ghrelin, its cognate receptor (GHSR), and ghrelin-O-acyltransferase (GOAT, the enzyme that activates ghrelin) are expressed in type I, II, III and IV taste cells of mouse taste buds. The co-localization of ghrelin and GHSR in the same taste cells suggests that ghrelin may work in a strong autocrine manner. In addition, GHSR null mice exhibit significantly reduced taste responsivity to sour (citric acid) and salty (sodium chloride) tastants [22] . However, there is compelling evidence showing that there are likely other ghrelin subtype receptor(s) apart from GHSR and other as-yet-unidentified GHSR ligand(s) besides ghrelin [23] . Although O-n -octanoylation by GOAT at serine 3 is important for acyl ghrelin binding to its receptor, the GHSR1a, mouse lines with
